Bacillus subtilis is an aerobic, gram-positive bacterium which, upon encountering deprivation of some essential nutrient, undergoes morphological and biochemical changes leading to the development of an endospore (see reference 8 for review). Mutations that blocked each of the five morphologically defined stages of spore development (spoO, spoII, spoIII, spoIV, and spoV) have been characterized (24) . However, little is known about the control of the genes responsible for this cellular differentiation.
Losick (14) and Doi (4) have shown that several sigma factors are associated with B. subtilis core RNA polymerases, two of which are produced during vegetative growth (sigma 55 and sigma 37) , and at least one of which is made only 2 h after sporulation has started (sigma 29) (15) . They also found that for several sporulation genes, DNA promoter sequences that differ from those used by the major vegetative sigma factor, sigma 55, are used. The sequential expression of many sporulation genes makes it unlikely that sigma factors of RNA polymerase solely dictate the transcription of all developmental loci. The study of the regulatory mechanisms of developmental gene expression is facilitated by the investigation of known gene products under sporulation control.
Glucose dehydrogenase (,-D-glucose: NAD(P)+ 1-oxidoreductase) is a developmentally regulated enzyme of B. subtilis. It catalyzes the oxidation of glucose to gluconolactone with the concomitant reduction of NAD or NADP to NADH or NADPH, respectively. The enzyme is synthesized only during sporulation and found only in the forespore (9) . No enzyme activity or cross-reacting material to antiserum against purified glucose dehydrogenase is detected during vegetative growth (35) . The structural gene for the glucose dehydrogenase (gdh) locus is located on the Bacillus chromosome between mtlB and aroI (3), nearer to the mtlB gene at map position 9.3 (13) .
A 4.0-kilobase (kb) B. subtilis EcoRI DNA fragment containing the structural gene and regulatory region of glucose dehydrogenase was isolated from a lambda Charon 4A phage library of J. Hoch (6) and was inserted into plasmid pBR322. This plasmid, designated pEF1, was transformed into Escherichia coli cells allowing the expression of enzymatically active glucose dehydrogenase during vegetative growth (35) .
In this paper, we describe the nucleotide sequence of the structural gene for glucose dehydrogenase and its location within the 4.0-kb EcoRI fragment of pEF1. Hybridization of a DNA fragment from within the glucose dehydrogenase gene with total RNAs from exponentially growing cells and at time points after the end of exponential growth showed that one transcript is synthesized and only from sporulating cells. The amino acid sequence of glucose dehydrogenase deduced from the DNA sequence agrees with the NH2-terminal amino acids of glucose dehydrogenase purified from sporulating B. subtilis cells and from E. coli transformed with the plasmid pEF1. The purification of the enzyme produced in E. coli is described, and its properties were compared with those of the glucose dehydrogenase purified from sporulating B. subtilis cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, phages, and media. Glucose dehydrogenase was purified from sporulating cells of B. subtilis 61297 (26) and E. coli HB101 harboring the plasmid pEF1 (35) , which carries the structural gene for glucose dehydrogenase. E. coli JM101 and JM103 were used to propagate phages M13mplO and M13mp8, respectively (20) , and were grown in YT medium (21) . Plasmid pEF60 is derived from pEF1 by digesting pEF1 with the restriction endonuclease AccI, isolating the largest fragment, and recircularizing it with T4 DNA ligase. B. subtilis 60015 (metC2 trpC2) was grown in nutrient sporulation medium described previously (34) . E. coli strains containing plasmids were grown in LB medium (21) supplemented with tetracycline (20 ,ug/ml) or ampicillin (50 ,ug/ml).
Methods. DNA sequences were determined by the dideoxynucleotide chain termination method (28) with a 15-mer primer (5'-AGTCACGACGTTGTA-3') from Bethesda Research Laboratories, Inc., and [a-32P]dATP from Amersham Corp. The sequencing reactions were separated on 0.4-mm-thick 8% polyacrylamide gels. To determine the amino acid sequence of glucose dehydrogenase isolated from B. subtilis and E. coli cells, automated Edman degradations were performed on the proteins with a modified Beckman 890C sequencer (10, 37) by using a 0.25 M Quadrol buffer program. With both enzyme preparations, sequencing was carried out in the presence of Polybrene. Phenylthiohydantoin amino acids were identified by high-pressure liquid chromatography as described previously (38) .
Plasmids were isolated by the method of Birnboim and Doly (1) . Standard procedures for cloning and ligation reactions were used (18) . Restriction endonuclease digestions were performed as described by the manufacturer. Computer analyses of the DNA sequences were performed by using the NUCALN program of D. J. Lipman and W. J. Wilbur at the National Institutes of Health. Glucose dehydrogenase activity was assayed as described previously (26) . Protein concentration was determined by the method of Bradford (2) . Total cellular RNA was separated on a 1% agarose-formaldehyde gel and electrophoresed in 10 mM sodium phosphate buffer, pH 7.0, with 6% formaldehyde. The DNA-RNA hybridizations were performed as described by Silverman et al. (31) . The DNA probes were nick translated with [a-32P]ATP by using a kit purchased from Bethesda Research Laboratories, Inc.
Isolation of RNA. B. subtilis 60015 was grown in nutrient sporulation medium supplemented with potassium acetate (5 mM final concentration) at 37°C with shaking. Cells (5 to 10 ml) were harvested at designated times by centrifugation at 7,000 x g for 5 min at 4°C. The cell pellets were suspended in 2 ml of 50 mM Tris-hydrochloride buffer (pH 8.0)-10 mM vanadyl ribonucleoside complex (Bethesda Research Laboratories)-100 ,ug of lysozyme. The cell mixture was incubated at 37°C for 10 min, followed by the addition of 1 ml of 2% sodium dodecyl sulfate solution. After the solution had cleared, the RNA was extracted with phenol-chloroform (1:1), ethanol precipitated, dried, and stored at -70°C until needed.
Purification of glucose dehydrogenase. E. coli cells were grown in 300 liters of LB medium containing 50 ,ug of ampicillin per ml at the Fermentation and Cell Growth Facility of the National Institutes of Health. The culture was aerated with 1 liter of air per min per liter of medium, and Dow Corning silicone antifoam A was added. The cells were chilled at the end of exponential growth and harvested by centrifugation and then stored at -70°C until used. Frozen cells (500 g [wet weight]) were suspended in 1.5 liters of 5 mM imidazole buffer (pH 6.5) containing 20% (wt/vol) glycerol, 0.1 ,ug of phenylmethylsulfonyl fluoride per ml, 10 mM EDTA, and 0.1 mM 2-mercaptoethanol. After the cells had thawed, the mixture was adjusted to pH 6.5 with glacial acetic acid, and 0.5 g of lysozyme was added. The mixture was placed in an ice bath and was sonicated at 5-min intervals for a total of 30 min. The cellular debris was removed by two centrifugations, one at 10,000 x g for 30 min, then at 76,000 x g for 120 min. The supernatant was carefully aspirated and constituted the cell-free extract indicated in Table 1 .
The procedures employed for the purification of plasmidencoded glucose dehydrogenase were the same as those from sporulating cells of B. subtilis 61297 (26) , except that the second columns of Sephacryl S-300 and hydroxyapatite as well as the w-amino hexyl Sepharose were not required. The inclusion of 20% (wt/vol) glycerol in all buffers was necessary to retain the glucose dehydrogenase enzymatic activity.
Materials. Restriction endonucleases and DNA-modifying enzymes were purchased from Bethesda Research Laboratories and International Biotechnologies, Inc. The dideoxynucleotide sequencing reagents were obtained from Bethesda Research Laboratories. Chromatography materials were purchased from Pharmacia Fine Chemicals, except for hydroxyapatite, which was obtained from LKB Instruments.
RESULTS
Location and characterization of the structural gene of glucose dehydrogenase. A partial restriction map of the 4.0-kb EcoRI B. subtilis fragment of pEF1 is shown in Fig. 1 was able to synthesize active glucose dehydrogenase (0.69 ,umol/min per mg of protein). Glucose dehydrogenase activity was also detected after PvuI fragments B and C were deleted from pEF60 (4.06 j±mollmin per mg of protein). No activity was seen after PvuI fragment D was deleted, nor was any activity detected when the EcoRV-EcoRI fragment within PvuI fragment D was removed. Glucose dehydrogenase activity from an E. coli strain with pEFi was 1.06 pLmollmin per mg of protein.
Fujita et al. (9) have demonstrated that glucose dehydrogenase is not detected until the cells are 2 to 3 h past logarithmic growth in nutrient sporulation medium. To determine whether the expression of the glucose dehydrogenase gene was under translational or transcriptional control, RNA was isolated from cells at different stages of growth and hybridized against an HpaII fragment from within the structural gene of glucose dehydrogenase (see Fig. 4 , positions 348 to 727). One RNA band was detected from t3 to t5, which is 3 to 5 h beyond exponential growth of the cell. No hybridization was detected with RNA from vegetative cells (Fig. 3) .
Purification and amino acid sequence at the NH2 terminus of glucose dehydrogenase. Glucose dehydrogenase was purified to apparent homogeneity from sporulating B. subtilis cells (26) and from E. coli cells carrying the plasmid pEFI. A summary of the purification scheme is presented in Table 1 . The enzyme synthesized from the cloned B. subtilis gene appears to have properties identical to those of the enzyme purified from B. subtilis (Table 2 ). Both enzyme preparations showed cross-reactivity with antibody prepared against glucose dehydrogenase from B. subtilis (data not shown).
The sequence of the first 49 amino acids at the NH2 terminus of glucose dehydrogenase, purified from sporulating B. subtilis cells, was determined by automated Edman degradations. The sequence of the first 25 amino acids from the NH2 terminus of glucose dehydrogenase, purified from E. coli cells harboring the plasmid pEF1 which contains the B. subtilis gdh gene, was also determined. These amino acid sequences were identical and matched perfectly with the amino acid sequence deduced from the nucleotide sequence of the glucose dehydrogenase structural gene (Fig. 4) . Nucleotide sequence of gdh. The 2.0-kb XbaI fragment within pEF1 (Fig. 1 ) was isolated and either cloned directly into the XbaI site of M13mplO or digested with TaqI or HpaII and then cloned into the AccI site of M13mp8. Fragment D was subcloned into the PvuI-EcoRI site of pBR322. The PstI-EcoRI fragment of this plasmid was isolated and cloned into the PstI-EcoRI site of M13mp8. The DNA sequence from the PstI site of pBR322 through the PvuI site of fragment D was determined. The sequencing strategy is outlined in Fig. 1 . Most of the gdh gene was sequenced in both directions, except the COOH terminus, in which two independent XbaI fragments cloned in the same direction were sequenced and were identical. The complete nucleotide sequence of the structural gene for glucose dehydrogenase is shown in Fig. 4 Preceding the initiation codon of the glucose dehydrogenase gene is the sequence 5'-AGGAGG-3' (Fig. 4) , which has strong complementarity to the Shine-Dalgarno sequence (30) . No known Bacillus promoter-like sequence was located preceding this ribosome-binding site. DISCUSSION Glucose dehydrogenase has been purified to apparent homogeneity both from sporulating cells of B. subtilis (26) and from E. coli cells containing the pEFi plasmid carrying the B. subtilis glucose dehydrogenase structural gene. The B. subtilis enzyme has a native molecular weight of approximately 126,000 and is composed of four subunits of 31,500 molecular weight. The native and subunit molecular weight sizes and enzymatic properties of glucose dehydrogenase isolated from E. coli transformants were identical to that purified from sporulating cells of B. subtilis ( Table 2 ). The NH2-terminal amino acid sequence of both purified proteins agreed with each other and with the amino acid sequence deduced from the nucleotide sequence (Fig. 4) . We have determined the location of the structural gene for glucose dehydrogenase within PvuI fragment D of pEF1 (see Fig. 1 ) by deleting specific fragments of the 4.0-kb EcoRI B. subtilis DNA and measuring the ability of transformed E. coli cells to synthesize glucose dehydrogenase. The nucleotide sequence between the PvuI and XbaI sites of PvuI fragment D was determined. The coding sequence of glucose dehydrogenase was identified by matching the nucleotide sequence with that of the known amino acid sequence at the NH2 terminus. The structural gene of glucose dehydrogenase is 780 bp long and encodes for a 260 amino acid peptide which has a calculated molecular weight of 28, 196 . 'this compares well with the 31,500 molecular weight of purified glucose dehydrogenase estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (26) .
The sequence at the 3' end of the 16S rRNA of B. subtilis, 3'-UCUUUCCUCCACUAG-5', is complementary to the ribosome-binding (Shine-Dalgarno) site of gram-positive mRNAs (19) . The nucleotide sequence 5'-AGGAGG-3' that precedes the initiation codon of gdh by 6 bp is complementary to the 3' end of the B. subtilis 16S rRNA. The free energy (AG) of base pairing between the puttative ribosome binding site of gdh and the 3' end of 16S rRNA is -16.6 kcal/mol, according to the method of Tinoco et al. (33) of estimating the free energy of double helical RNA structures. In E. coli, the consensus sequence of 5'-AGGA-3' has a AG value of -9.4 kcallmol, somewhat lower than most reported for B. subtilis ribosome-binding sites. It has been proposed by McLaughlin et al. (19) (9) have shown that glucose dehydrogenase is not detected in B. subtilis cells until nearly 3 h after the end of exponential growth. We isolated total RNA from cells at various stages of growth and hybridized them against a DNA fragment from within the structural gene to determine whether the regulation of synthesis of the gene was at the level of transcription of translation. One band was seen on the autoradiogram from t3 to t5 (Fig. 3) which is the same time that glucose dehydrogenase activity was detected. The data strongly suggest that the regulation of glucose dehydrogenase expression is at the level of transcription, although the actual control mechanism is not known. Several investigators (16, 25) have suggested that the transcription of some genes during sporulation occurs by the association of sporulation specific sigmta factors to RNA polymerase.
The amino acid sequence of the B. subtilis glucose dehydrogenase is very similar to the amino acid sequence of B. megaterium glucose dehydrogenase recently reported by Jany et al. (11) with the apparent retention of the same amino acids in the active site and subunit-binding site. There is a conservation of 85% of the amino acid sequence when the two sequences were aligned. There is extensive amino acid sequence homology in the NH2-terminal portion of the two enzymes (Fig. 5) , as might be expected since this area of the enzymes contains the putative coenzyme binding site (11). Fig. 5 ) and have determined that these two enzymes have 25% homology. The similarities in amino acid sequence and folding patterns of several dehydrogenases support the premise that dehydrogenases have a common origin (27) .
The role of glucose dehydrogenase, either in sporulation or germination, has yet to be clearly defined (24, 26) . Strauss (32) has shown that sporulation is not affected in a mutant which lacks glucose dehydrogenase activity. He found that the gdh-mutant, which germinates on alanine, is unable to germinate in media with a combination of glucose, fructose, asparagine, and KCl (GFAK), a known germinant for B. subtilis spores (36) . These genetic data are consistent with biochemical studies (26) , indicating that glucose dehydrogenase in the spore is needed for germination in glucose. 
